ABSTRACT Aimed at the problem of controlling the motion of micro unmanned aerial vehicles (MUAVs), an S-plane controller with good non-linear control performance is introduced that uses intelligent control ideas to achieve adaptive adjustment of the parameters of the S-plane controller. Based on the proposed controller, a motion control system for MUAVs is designed. Simulation and field tests show that the proposed intelligent S-plane controller has good control accuracy, response speed, and adaptability to environmental interference, which makes it suitable for controlling the motion of MUAVs.
I. INTRODUCTION
Unmanned Aerial Vehicles (UAVs) are widely used in military, civil, and scientific research because they are intelligent and unmanned. With the advancement of technologies and the diversification of UAV missions, the requirements for precision guidance and control of UAVs are constantly advancing. Therefore, achieving accurate and efficient control is a key technology to further UAV development [1] - [3] .
Because the motion of a UAV is strongly non-linear, a precise motion model is difficult to obtain; therefore, accurate motion control is difficult to achieve [4] . Compared to large UAVs, the motion of Micro UAVs (MUAVs) is more susceptible to environmental interference, meaning MUAVs are more difficult to control. Multiple control algorithms have been applied to MUAV motion control research, and the methods commonly used for UAV control include PID controllers [5] , fuzzy controllers [6] , neural network controllers [7] , and robust controllers [8] . For MUAVs, which are susceptible to interference, a PID controller would need to change controller parameters constantly to meet the requirements of changing flight conditions, making the control effect difficult to guarantee. A fuzzy controller does not need a precise mathematical model and has good robustness, but the scale factors need to switch outputs constantly, which will easily cause algorithmic oscillations. A neural network controller has a strong non-linear fitting ability, but its control algorithm is complicated. Finally, a robust controller has good control performance, but as it needs to model the MUAV, the controller model is not universal.
In general, a MUAV motion controller needs to have a simple control model and a high control accuracy [9] . Similar to MUAVs, the motion of autonomous underwater vehicles (AUVs) is strongly non-linear and highly coupled; therefore, the key issues for a control algorithm are the same as for a MUAV. Aimed at the control of AUVs, Liu and Xu [10] proposed the S-Plane controller, which has desirable characteristics like simple structure, fewer parameters, easy adjustment, and convenient application. The S-Plane controller has been applied to the motion control of multi-type AUVs successfully with good performance. Therefore, an S-Plane controller will be introduced for MUAV motion control in this paper. Combined with expert control [11] , an intelligent S-Plane controller is proposed which is suitable for UAV motion control. Simulation tests show that the proposed controller has good control accuracy and dynamic performance.
II. S-PLANE CONTROLLER
Referring to a fuzzy control idea and the fuzzy control rule table nonlinearly fitted to a Sigmoid surface (FIGURE 1), the standard S-Plane controller equation is shown in Equation 1.
where e is the normalized deviation; k 1 is the control parameter of e;ė is the normalized deviation change rate; k 2 is the control parameter ofė; u is the normalized control output; and u is the adjustment parameter to eliminate environmental interference. The parameter definition of a standard S-Plane controller is the same as that for a proportional-derivative (PD) controller, so the adjustment method of k 1 and k 2 can refer to the PD control idea. However, while there is no limit to the output of a PD controller, the output of S-Plane controller is limited to [−1,1]. The actual output (U) of an S-Plane controller is found in Equation 2.
where K is the output gain. The above analysis shows that the standard S-plane controller is essentially a non-linear PD controller. Therefore, the S-Plane controller is suitable for the non-linear motion control of a MUAV, and the characteristics of PD control can guarantee effective motion control. Similar to a PD controller, a standard S-Plane controller cannot adjust the control parameters adaptively. To solve this problem, based on an immune genetic algorithm and a particle swarm optimization-algorithm, Li [12] and Lv [13] proposed a parametric offline optimization method; however, the methods use an offline learning mode, and the results can only provide a reference. Tang et al. [14] proposed an adaptive S-Plane controller based on neuron optimization, and its control parameters can be optimized online; however, this method is greatly affected by the external environment, thus the learning effect is unstable. Referring to sliding mode control, Li et al. [15] proposed a variable structure S-Plane controller, although this may cause the oscillation of the output under some special circumstances. In this paper, the parameter adjustments are written as a knowledge base, and an intelligent S-Plane controller is proposed. Controller parameters can be adjusted adaptively in the proposed controller, which improves the system control accuracy and adaptability.
III. INTELLIGENT S-PLANE CONTROLLER A. EXPERT CONTROL TECHNOLOGY
Expert control technology is an important branch of intelligent control. Expert control is a knowledge-based control method that builds systems based on expert experience and knowledge [16] , [17] . By imitating intelligent behavior, expert control technology can be an effective control strategy for better performance. The core of expert control is the expert system, which is a computer program containing a large amount of expertise and experience. An abstract knowledge model can be transformed into a concrete mathematical model with expert control technology, and therefore, an expert control system is a real-time correction system. To meet requirements such as control, reliability, and real-time performance, however, an expert control system is usually simplified to an expert controller. An expert controller includes four main parts: knowledge base, control rules, inference engine, and information acquisition and processing.
B. INTELLIGENT S-PLANE CONTROLLER INTEGRATED EXPERT CONTROL TECHNOLOGY
The S-Plane controller has the advantages of having a simple structure, easy to adjust parameters, no need to model the controlled object, and good system robustness. However, the parameters of the S-Plane controller need to be manually adjusted depending on MUAV motion status and changes in environmental disturbances [18] . According to existing experience in this field, an expert controller can reason and judge complex problems effectively. Therefore, expert control is introduced into the traditional S-Plane controller to design an intelligent S-Plane controller. The structure of the intelligent S-Plane controller is shown in FIGURE 2. As can be seen from FIGURE 2, the intelligent S-Plane controller consists of two parts: a basic control module (S-Plane controller), and an intelligence coordination module. The intelligent coordination module includes three parts: initialization settings, knowledge base, and inference engine. Initialization settings include the control target, state change thresholds, initial control parameters, etc. The knowledge base is the collection of expert control rules developed from experience with the manually adjusted parameters. According to the system's data, parameters k 1 and k 2 can be adjusted online by an inference engine, which optimizes the system's dynamic performance and stability. In general, there are not too many control rules, and the reasoning search space is limited, so the reasoning mode can be conducted by matching control rules in sequence.
According to a large number of simulations and field tests for unmanned systems, the S-Plane controller parameters are manually adjusted as follows:
1) When the values of k 1 and k 2 increase, the sensitivity of the controller also increases; however, this causes strong overshoot and oscillation.
2) If the values of k 1 and k 2 are too small, overshoot and oscillation are weakened, but the controller is unresponsive.
3) When adjusting the parameters of the S-Plane controller, the initial values of k 1 and k 2 are selected as 3.0.
4) If the overshoot is too large, k 1 should be gradually reduced and k 2 should be increased simultaneously. If the convergence speed is too slow, k 1 should be gradually increased and k 2 should be reduced simultaneously.
Based on experience with these manual adjustments, the parameter adjustment rules of the intelligent S-Plane controller are determined as listed in TABLE I. where λ 1 and λ 2 are parameter adjustment thresholds set according to e andė, and K 1 and K 2 are the adjustment factors of k 1 and k 2 . δ 1 and δ 2 are adjustment increments, selected according to the situation and are generally δ 1 = δ 2 = 0.1. The online adjustment algorithm of k 1 and k 2 is as Equation 3 .
where t is the system time of controller, k 1 (0) and k 1 (0) can be selected according to the characteristics and experience of the control system. Generally, the control parameter is initialized as k 1 (0) = k 2 (0) = 3.0. k 1 and k 2 can be adjusted adaptively using values in TABLE I.
IV. MOTION CONTROL SYSTEM
The core of the motion control system is an embedded computer, SBS-PC/104-PMI2 (PC/104). PC/104 has the advantages of high performance, low power consumption, large storage space, rich peripheral interfaces, and easy connection with external devices and sensors. Compared with using a microcontroller, using PC/104 has greater advantages. The operating system of PC/104 is VxWork 5.5, an embedded real-time operating system, which is widely used in the aerospace field. The control system is structured as found in FIGURE 3.
The motion control software includes two main parts: the ground station monitoring system and the bottom control program. The bottom control program is based on the intelligent S-Plane controller proposed in Section 3. The ground station monitoring system is used for initial setup, mission planning, and monitoring and displaying real-time status information of the MUAV.
The motion of a MUAV is in 6 DOF (degrees of freedom), which can be represented by a 6-DOF spatial motion equation [19] . In order to optimize the control algorithm and reduce the amount of control calculations, the decoupling calculations of the MUAV's motion should be performed first. The controllers should be designed to achieve effective control for each DOF.
V. EXPERIMENTAL RESEARCH A. SIMULATION TESTS
Simulation tests were executed in a semi-physical simulation system. The system center was a PC/104 embedded computer. The structure of the simulation system is shown in FIGURE 4.
As shown in FIGURE 4, the simulation system contains three components: a monitoring computer, an environment simulation computer, and a PC/104 embedded computer. The monitoring computer is the MUAV's ground station, which is responsible for issuing task-level parameters and startup instructions. At the same time, the status information of the MUAV is displayed. The environment simulation computer simulates the MUAV movement in three-dimensional space, and the sensors carried by the MUAV. The PC/104 embedded computer runs the control system, and it has the same VOLUME 6, 2018 parameters as the master MUAV computer, with the only differences being that the sensor information and data packet are sent by the environment simulation computer, and the actuator information is also sent to the environment simulation computer through the Ethernet. The MUAV model built 
1) HEIGHT CONTROL SIMULATION
In the simulation, the control target is to keep flying at a height of 50 m, and the results are displayed in Fig.5 .
As shown in FIGURE 5, the intelligent S-Plane controller has higher stability and control accuracy than the standard S-Plane controller. The probability of a height control error of less than 1 m is about 98%.
2) FIXED SPEED FLIGHT SIMULATION
In the simulation, the control target is to keep flying at a speed of 10 m/s, and the results are displayed in FIGURE 6. In the fixed speed flight simulation, the control error of the intelligent S-Plane controller is less than 0.2 m/s, and the control results are stable and accurate.
3) HEADING CONTROL SIMULATION
In this simulation, the control target is to keep a steady heading angle of 0 • northward, and the results are displayed in FIGURE 7.
In the heading control simulation, the control stability and accuracy of the intelligent S-Plane controller are better than the results of the standard S-Plane controller.
B. FIELD TESTS
The field test area in North China is close to mountains, which can cause random ambient disturbances. Generally, it is suitable for checking the control effect.
The test platform is a self-designed MUAV (Fig.8) , which is designed to have stable flight performance, good maneuverability, and high load capacity. When the MUAV flies to a safe altitude and adjusts its configuration, the control target is set by the upper computer, and tests were conducted to measure acceleration, maneuverability, and stability.
1) LEVEL ACCELERATION
Setting the initial speed to 5 m/s, the target speed to 20 m/s, and the maximum acceleration to 2 m/s 2 , the speed-time curve is displayed in FIGURE 9.
2) CLIMB MANEUVER
Setting the initial height to 50 m, the target height to 100 m, and the maximum climb rate to 5 m/s, the height-time curve is found in FIGURE 10.
3) STABLE CIRCLE FLIGHT
Setting the initial flight height to 50 m, the flight speed to 5 m/s, and the flight radius to 50 m, and the test results to determine stability while flying in a circular pattern are found in FIGURE 11.
C. SUMMARY
The results of these three field tests show that under real environmental conditions, the proposed intelligent controller has better control accuracy, response speed, and dynamic performance than the standard S-Plane controller. Therefore, the intelligent S-Plane controller can be used for motion control of a MUAV.
As can be seen from the simulation and field tests, the intelligent S-Plane controller proposed in this paper can effectively improve the accuracy of MUAV motion control. Compared with the standard S-Plane algorithm, the proposed controller has several advantages. The manually adjusted parameters of the intelligent S-Plane controller are prepared as adaptive parameter adjustment rules. Therefore, the control parameters can be adaptively adjusted according to demand, which allows for optimal control performance.
VI. CONCLUSION
Combining a standard S-Plane controller and expert control ideas, an intelligent S-Plane controller has been proposed for MUAV motion control, and semi-physical simulation tests and field tests were executed. The following conclusions can be drawn:
(1) A complex manual parameter adjustment process of an S-Plane controller is avoided by the proposed controller, which allows good control performance.
(2) The proposed controller does not need to model the controlled object and has good portability. Therefore, it is suitable for different types of MUAVs.
(3) The designed semi-physical simulation system can be used for advanced motion control algorithms as an effective test method, and the verification period for algorithms can be shortened.
